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I.INTRODUCTION
The goal of the project was to use ribosomal ribonucleic acid genes
cloned from natural populations of marine picoplankton as markers for
bacterioplankton diversity. The study was motivated by the observation that
a majority of species in most microbial ecosystems remain uncultivated (50).
Consequently, there is much that remains unknown about the phylogenetic
character and physiological diversity of naturally distributed prokaryotes.
This is especially true of marine picoplankton. Although they are
recognized as an important component of marine ecosystems (8), it is not
known to what extent isolates represent actual diversity because only about
one percent of directly countable marine bacteria can be recovered as viable
colonies on plates. An alternative to culturing microrganisms is to extract
DNA directly from the natural population, and use cloned "genetic
markers", such as ribosomal RNA genes, to identify the natural population
constituents (32).
Ribosomal RNAs are excellent genetic markers for molecular
phylogenies due to their ubiquity and homologous function in all cellular
forms of life (32, 53). Although the primary structure, secondary structure,
and function of RNAs are highly conserved, these molecules also contain
many regions of sequence variability. The variable regions provide a
measure of evolutionary distance between compared sequences; the most2
variable regions can be used as targets for species-specific molecular probes
(9)."Universally" conserved regions provide priming sites for sequence
determinations, and can serve as targets in hybridization screens. These
conserved features of rRNAs make it possible to easily recognise rRNAs in
recombinant libraries of environmentally derived DNA.
Picoplankton are operationally defined as prokaryotic and eukaryotic
cells between 0.2 p.m and 2.0 p,m in diameter (41).It has become apparent in
the last decade that these organisms play an important role in the marine
food web (20). The oligotrophic marine food web is characterized by low
biomass, and low nutrients, and by the presence of small photo- and
heterotrophic picoplanktonic cells.
The Sargasso Sea was chosen as a sampling site for this analysis because
it is an oligotrophic, mid-oceanic gyre, having 0.0-0.42 1.1,M nitrate, 0.01 ;AM
nitrite (10), 0-0.16 p.M ammonium (3), and 0.16 i.tg phosphate per liter of
seawater (29), and yet is capable of sustaining a population of greater than
105 picoplanktonic cells/ml (42).
The ecological success of these cells in oligotrophic settings has been
attributed to the increased light-harvesting and nutrient uptake conferred by
their small size (48), and their negligible sinking rates (45). Biological
oceanographers now believe that one genus of picoplankton, Synechococcus,
is responsible for 10-25% of the total primary productivity in the stratified
waters of subtropical central gyres (49). Eight percent of the Sargasso Sea
bacterioplankton are believed to be Synechoccocus (14). Itturiaga and
Mitchell have shown that these Synechococcus cells are entering the food
web via nanoflagellate bacterivory (20).
Despite their importance, no cultivated bacterioplankton have been
shown to contribute significantly to natural bacterioplankton populations3
(22,49). Here we describe a method for analyzing Sargasso Sea
bacterioplankton which does not require the culturing of the resident
biomass, and so avoids the biases inherent in classical cultivation analyses.4
II. SECONDARY STRUCTURE ANALYSIS OF 16S RDNA'S CLONED
FROM A SARGASSO SEA BACTERIOPLANKTON POPULATION
A.Introduction
The picoplankton samples used in this study were collected at
hydrostation S (32° 4' N 64° 32' W) in the Sargasso Sea by S. Giovannoni and
E. De Long, as described elsewhere (Giovannoni et al., in press Applied and
Environmental Microbiology). Briefly, surface Sargasso seawater (1-2m) was
filtered by tangential flow filtration on Durapore (Millipore, Bedford, MA)
0.1 gm fluorocarbon membranes. From 1640 L of seawater, 200 mg wet
weight of cells were collected. Mixed population DNA was extracted with
phenol (26) and purified by buoyant density centrifugation in cesium
chloride. The polymerase chain reaction was used to amplify (13, 47) 16S
rRNA genes from the mixed population DNA from picoplankton (11). The
sequences of the amplification primers are:
OX1: 5'- GTGGCTGCAGAAGAAGTTTYGATCCTTGGCTAGG -3'
OX2: 5'-CACGGATTCCAAGGAGGTGATCCANCCNCCNCACC-3'
These primers are complementary to 5' and 3' terminal regions of the 16S
rRNA gene in oxygenic phototrophic prokaryotes. The primers included
engineered BamH I and Pst I restriction sites which allowed the amplified
genes to be directly cloned into bacteriophage M13 mp18 (Bethesda Research
Laboratories, Gaithersburg, MD) (30), using a forced cloning procedure.5
Single stranded recombinant M13 DNAs were screened with a universal
primer [536 F (25)] complementary to a conserved region of eubacterial 16S
rRNA gene. Those rDNAs which hybridized to the probe were analysed
further by DNA sequencing.
To test the hypothesis that the observed sequence variation in the
amplified rDNAs was the result of genetic variation in the population, and
not the result of PCR amplification errors, a detailed analysis of secondary
structure of the sequenced rDNAs was performed.6
B.Methods
SEQUENCING: Twelve cloned rRNA genes, chosen at random, were
sequenced using standard Sanger dideoxynucleotide terminating methods
(38), universal primers (25), and Sequenase (United States Biochemical Co.,
Cleveland, OH). Four clones, SAR 1,SAR 6, SAR 7 and SAR 11 were
completely sequenced. Eight other clones, SAR 18, SAR 20, SAR 39, SAR 12,
SAR 22, SAR 67, SAR 77 and SAR 78, were sequenced from the 5' end of the
molecule through position 344 [E. coli numeration(4)]. The sequences were
entered into a Microvax II computer (Digital Equipment Corperation,
Merrimack, NH), and aligned with about 200 other RNA gene sequences in
the database.
SECONDARY STRUCTURE ANALYSIS: To be certain that the sequenced
genes conformed to known 16S rRNA secondary structures, and to identify
the positions of variability within the sequence clusters, secondary
structures were constructed using the Mac Draw II program and a Macintosh
SE 30 computer (Macintosh, Cupertino, CA). Structural models were
determined for all rDNAs sequenced. These figures illustrate the
localization of conserved regions of eubacterial rRNA, signature sequences
(52) of related eubacteria phyla, and the positions of variability among the
similar genes.
PHYLOGENETIC ANALYSES: Phylogenetic trees were constructed by a
distance matrix method (23,24, & 32). One tree examined the relationships
among all of the Sargasso Sea 16S rRNAs. A total of 230 positions located at7
the 5' region of the gene, including both conserved and hypervariable
domains, were included in the analytical mask (Mask 1; positions 101-344, E.
coli numeration (4)]. A second tree was constructed using the complete
sequences of the cloned genes and compared to a collection of 16S rRNA
sequences representing the oxygenic phototrophs (13, 47) and the a-purple
eubacterial phyla (7, 44). The tree was rooted using Bacillus subtilis and
Heliobacterium chlorum (13, 51).Because this phylogenetic analysis crossed
phylum boundaries, the analysis was restricted to 900 sequence positions
(Mask 2), which excluded regions of uncertain homology and hypervariable
domains.8
C.Results and Discussion
Secondary structural models (Figures 1-8) of all of the unknown
sequences conformed closely to secondary structural models (15) for 16S
rRNAs and showed no unusual base pairings or structural deviations in
phylogenetically conserved regions. There was no indication that
rearrangements, such as shuffle gene products, had formed during
amplification (40).In Figures 3 thru 8 the locations of compensating base
changes across helices were identified and counted for each pair of similar
genes in the clone library. For the complete gene sequences, there were 1 to 8
changes found between the pairs (Table 1). Three pairs from the twelve
cloned 16S rRNA genes sequenced were identical (SAR 12/SAR 39; SAR
1 /SAR 20; and SAR11/SAR22).
The first phylogenetic tree (Figure 9) uses Mask 1 and depicts the
relationship among Sargasso Sea bacterioplankton rDNAs and the 16S rRNA
sequences from two cultivated strains of marine Synechococcus [WH8103
and WH7805, Distell and Waterbury, unpublished data (11)]. Similarities
among the aligned sequences (Table 1) indicated that the clones fell into two
clusters of genes, the SAR 7 Cluster and the SAR 11 Cluster. Some of the
shallowest branches within the clusters shown in this tree are based upon
very few changes, and are less certain than the branches based upon
complete sequences and confirmed by the analysis described in Table 1.
The second tree (Figure 10) uses Mask 2 and shows the relationship of
the two Sargasso Sea gene clusters to related 16S rRNA sequences. The SAR
7 Cluster branched within the radiation of oxygenic phototrophs. Although9
no exact match was found, the sequences were closely related to the
cultivated Synechococcus strains. The SAR 11 Cluster is a novel, deep
phylogenetic branch of the alpha-purple bacteria.
The observed variability within the dusters suggests that some of the
closely related RNA genes may represent different lineages from the same
species of bacterioplankton, which may exist within one geographical setting.
Some of the observed variability may have resulted from the clonal nature
of bacterial reproduction (39). Planktonic bacterial populations are also
subject to viral infections, which may induce selective pressures,
contributing to the divergence of lineages (34).
TABLE 1: Results of Sequence Analysis of M13 Sargasso Sea
Clones. A comparison of the Sargasso Sea clones secondary
structures indicated the presence of compensatory base changes
across RNA helices. The similarity between clone rDNA and
cultivated marine bacteria rRNA was determined using
distance matrix methods ( 23, 24, 32) and Mask 2.Due to the
presence of truncated genes in the SAR 11 Cluster and the
broad genetic diversity of the genes, the relationships between
genes was infered from 900 sequence positions.
Tree Branches
Nos. of Compensatory
Base Changes % Similarity
SAR 1/11 5 0.941
SAR 6/7 7 0.967
SAR 6/WH 7805 6 0.954
SAR 6/WH 8103 8 0.962
SAR 7/WH 7805 1 0.966
SAR 7/WH 8103 4 0.97610
Base pairings and comparisons to eubacterial consensus sequences
indicated that errors and artifacts could not account for a significant
proportion of the observed variation (6, 18). The highest error rate reported
for Thermus aquaticus polymerase DNA (1 error in 400 nucleotides after 30
cycles) would result in an average similarity of 0.995 (37), but the highest
similarity between the sequences of similar clones is less than this (0.954-
0.976 for SAR 7 cluster).
The results of the first clone library gave us confidence in our technique
for analyzing prokaryotic population biology. Although PCR errors may
occur, through careful sequence analysis, phylogenetic trees may be
constructed which accurately depict the genetic structure of natural microbial
populations. Furthermore, these gene sequences can be used to construct
group specific probes for the known community members, thereby allowing
researchers to determine the prevalence of these organisms in their natural
surroundings using nucleic acid hybridization techniques.AGCCe
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variability between SAR 6 and WH 8103. Six
compensating base pair changes in WH 8103 are
numbered in the illustration.16
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FIGURE 9: Phylogenetic Tree of M13 Sargasso Sea Clones.
Unrooted phylogenetic tree of the relationships of Sargasso Sea 16S rDNAs, and
cultivated marine 16S rRNAs. Mask 2 containing 230 positions, including hypervariable
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FIGURE 10: Phylogenetic Tree of M13 Sargasso Sea Clones and Related 16S rRNA Genes.
Phylogenetic relationships of SARI and SAR11 rDNA sequence clusters and 16S rRNA sequences of
oxygenic phototrophs (13, 47 ) and alpha purple eubacterial (7, 44). Mask 2, which contained 900
sequence positions, not including hypervariable regions, of the four clones (SAR 6, SAR 7, SAR 1,
and SAR 11) was used for the inference of relationships. The tree was rooted using the sequences
Bacillus subtilis andHeliobacterium chlorum(13,51).21
III. ANALYSIS OF SARGASSO SEA 16S rDNA BLUESCRIPT CLONE
LIBRARY
A. Introduction
The analysis of the first rDNA clone library from Sargasso Sea
picoplankton proved the validity of polymerase chain reaction cloning for
the investigation of genetic diversity in natural microbial populations. In
addition, however, the analysis raised several questions. Does the variability
within the sequence clusters and phylum-level diversity found in the first
clone library fully represent the diversity of bacterioplankton found in the
Sargasso Sea? How extensive is the variability within the clusters? Put
broadly, could there be other novel organisms in the Sargasso Sea which had
not been identified in the first clone library? We were interested in
developing a cloning method which would not be subject to the biases
introduced by the use of restriction enzymes, which might have excluded
some genes (with internal restriction sites) from the original library.
Having proven the validity of molecular techniques for the
investigation of genetic diversity, population structure, and evolutionary
dynamics within closely related gene sequences, we hoped to look at a wider
range of organisms. A second clone library was constructed using a more
general cloning method. More general eubacterial amplification primers
amplified 16S rRNA genes without a specific bias. Blunt-end cloning
techniques allowed for the direct cloning of unaltered amplified 16S rRNAs
into our vector. Because it is not practical to analyze a large library entirely22
by sequencing methods, we also sought to develop more rapid procedures for
sorting clones into categories. Clones would be characterized using group-
specific probes, restriction fragment length polymorphism analysis, and
phylogenetic, sequence analysis.23
B. Methods
PCR AMPLIFICATION: The polymerase chain reaction (37) was used to
produce double-stranded rDNA by employing primers complementary to
conserved regions in the 5' and 3' regions of the 16S rRNA gene. The
amplification primers were the universal primer 1406 R [5'-
ACGGGCGGTGTGTRC-3'; (25)] and the eubacterial primer 68F [5'-
TNANACATGCCAAGTCGAKCG-3'; (25)]. The 68F is general for eubacteria
with the exception of the Planctomycetales. The PCR amplification was
performed under the following conditions: 1 p.g template DNA, 1 unit/m1
Taq Polymerase (Promega Biological Research Products, Madison,WI); 1
minute at 94°C, 1 minute at 60°C, 4 minutes at 72°C; 30 cycles.PCR-
amplified genes were detected by electrophoresis in a 0.75% agarose gel, run
at 50 volts in 1X TAE (0.04M tris-acetate and 0.001 M EDTA, pH 8).
CONSTRUCTION OF THE CLONE LIBRARY: The amplified DNAs
were treated with 2 units of Klenow fragment (BRL, Gaithersburg , MD) in 5-
10 mM MgC12. As summarized in Figure 11, after phenol extraction (28), 260
ng of the resulting DNAs were blunt-end ligated into 1 lig of pBluescript KS
II-( \,La Jolla, CA) which had been cut with Sma I (Sigma, St. Louis, MO).
One unit of T4 Ligase (Promega) was used in conjunction with 1 m.1 T4 ligase
buffer [10X BE buffer (1M tris HC1 pH 8.3, 0.1M MgC12 and 0.1M DTT) and 0.4
mM ATP], and held at 16°C, overnight. The resulting ligation mixture was
diluted 2:3 using TE buffer (10mM tris.HC1, 1mM EDTA, pH 8), and used to
transform DH5 a F' competent E. coli cells (BRL). 100 white colonies were
picked from YT plates (0.8 % Bactotryptone [Difco, Detroit,MI], 0.5 % yeast24
extract, 0.5% NaC1 and 1.5 % Agar) topped with 2 % X-GAL and 100 mM IPTG
(Sigma). Isolates were stored at 4°C on YT agar slants containing 75 mg /ml
kanamycin (Sigma).
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FIGURE 11: Construction of Bluescript KS II- / rDNA Clones.
Mixed population DNAs were amplified using general
eubacterial amplification primers (1406R and 68F). The
resulting amplification products were treated with Klenow
fragment and blunt-end ligated into Bluescript KS II
(Stratagene Co.) cut with Sma I.
RESTRICTION DIGEST ANALYSIS: Plasmid was prepared for each of
the 100 putative clones using a rapid boiling method (19). The plasmids
were cut with restriction endonucleases BamH I and Pst I (Sigma), producing
a variety of fragmented rDNAs. The size of the fragments, illustrated in
Figure 12, were visualized by gel electrophoresis on 0.75% horizontal agarose
gels.
HYBRIDIZATION: The following probes were synthesized using an
automated DNA synthesizer:
5'-AAGCTTTCTCCGTAAAGACTTAT-3' (SAR 11F)25
5'- GWATTACCGCGGCKGCTG -3' (536 F)
5'-ACTTAAAGCGGACTCCTACTC-3' (SYN F)
T4 polynucleotide kinase (Promega) was used to label the 5'-terminus of
0.5 p.g of each of the oligonucleotide probes (12). 50 gCi of [y3213]
deoxyadenosine-5'-triphosphate (New England Nuclear Corp., Boston, MA)
was used in each labeling reaction. All 87 clones which contained an insert
were analysed. 100 ng of each of the prepared plasmid templates was
dissolved in 400 ml of denaturation solution (0.5M NaOH, 1.5 M NaC1) and
applied to Zeta-probe membranes (BioRad Laboratories, Richmond, CA)
with a dot blot minifold (Minifold I SRC 096/0: Schleicher & Schuell, Keene,
NH). The membranes were dried at 80°C, and UV cross-linked (200 J/m ).
The membranes were then prehybridized for 10 minutes at room
temperature in 25 ml of hybridization buffer (1 mM EDTA, 7% SDS, 0.5% M
Na H2.PO4,pH 7.2) without labelled probe. The solution was replaced with
fresh buffer plus 20 1.1.Ci y 32P-labelled DNA probe, and incubated at room
temperature for 4 to 18 hours. Following hybridization, the membranes
were washed in two changes of wash buffer (1 mM EDTA, 40 mM sodium
phosphate buffer [NaPB], pH 7.2 and 1% SDS) at room temperature for 10
minutes each. A final wash for 10 minutes at 37°C was done in 1 mM
EDTA, 40 mM NaPB, pH 7.2 and 5% SDS. To detect y32P-labelled RNA
genes, the blots were sealed in plastic bags and exposed to X-Ray film (Kodak
X-AR film; Eastman Kodak Co., Rochester, N. Y.) at -70°C for 2-8 days.
SEQUENCE ANALYSIS: Single stranded sequencing template was
isolated from the double stranded plasmid using R408 helper phage ( \ ) (1).26
Sequence data was obtained from the single stranded template by the
methods outlined in the previous chapter.
PHYLOGENETIC ANALYSIS: The phylogenetic relationships of the rDNA
sequences and related 16S rRNA sequences were obtained by the methods
outlined in the previous chapter. Mask 3, containing -900 positions,
excluding hypervariable regions of the rDNA sequences, was utilized for the
inference of relationships.27
C. Results and Discussion
3.4% of a possible 8000 colony forming Bluescript units ligated once
treated with Sma I and ligase. Of this 3.4%, 2.8% were transformed by the
amplification products.
As illustrated in Figure 12, restriction enzyme analysis indicated at least
5 categories of clones, based upon their restriction length polymorphisms. Of
the 100 putative clones analysed, 87 contained an insertion. Of these, 31
contained a fragment of the entire 1.3 kb rDNA region spanned by the
primers. The origins of these "short" fragments are uncertain. There are
two possible explanations: either the Taq polymerase occasionally did not
complete the amplification of a template molecule, or in some cases, parts of
complete clones were deleted during plasmid replication. The former effect
could have been avoided if the fragments had been purified by
electrophoresis prior to cloning. However, we had avoided gel purification
of our PCR products because we did not want to expose the DNA to possible
mutations which might occur in the presence of ethidium bromide and UV
light. Fragments of less than 1.3 kb were not visible in the agarose gels we
ran of the PCR products.
Subsequent sequence analysis of SAR 164 verified the existence of
truncated genes in our collection. This clone contained an insert of - 900 bp.
The 3' terminus was at position 930 [E. coli numeration (4)].
The 54 clones which contained the complete 1.3 kb rDNA insert were
sorted into groups on the basis of their restriction patterns (Table 2). The
SAR 83 Group, comprising 9 clones, had a Pst I site at position 1100 [E. coli
numeration (4)], resulting in a 1 kb and a 0.3 kb fragment. The SAR 9228
Group, comprising 3 clones, had a restriction site which produced a 0.8 kb
fragment. The SAR 121 Group, with 3 clones, produced a 1.1 kb fragment.
Finally, a single clone, SAR 132, had an RFLP (restriction length
polymorphism) pattern which indicated a 0.7 kb fragment and possibly two
0.35 kb fragments. The remaining 38 clones contained no internal restriction
sites; therefore we attempted to group them according to their hybridization
to oligonucleotide probes.
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FIGURE 12: Appearance of RFLP Patterns. 100 putative clones were treated
with BamH I and Pst I and then run on a 0.75% agarose horizontal gel at 75
volts/cm. The first well contains a 1 kb ladder, which serves as a scale for the
fragment lengths. The plasmid itself ran at 2960 bp. Wells 1 thru 5 contain
examples of each of the five plasmid groups with distinct restriction digest
patterns: SAR 83, SAR 86, SAR 92, SAR 121, and SAR 132 respectively.29
TABLE 2: RFLP Categories of Bluescript Clones. Categoriesof clones are
based upon the restriction pattern of clone plasmid template cutwith Pst I
and BamH I.
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FIGURE 13: Results of Deoxynucleotide Hybridization Experiments. Library
of 87 16S rDNA clones from the Sargasso Sea. This data demonstrates the
efficacy of group-specific probes. Plasmid DNAs (Bluescript) were dot blotted
in wells A3 to H5. The same blot was washed and re-probed three times.
The 536 F universal probe served as a positive control for rDNA gene insert
concentration. Wells Al and A2 contain positive control single-stranded
DNAs from cloned SAR11 and marine Synechococcus 16S rDNA genes,
respectively.31
Figure 13 shows the results of the hybridization experiments. A
"universal probe" [536F (25)1, complementary to a sequence found in all 16S
rRNAs, served as a positive control for RNA genes. Those clones which did
not hybridize with the control probe were, for the most part, clones which
contained a fragmented insert. Blank clones appeared to contain the entire
insert, but did not react with the 536F probe. This is an anomalous result
which may have been caused by experimental error, or else re-arrangement
of the DNA sequences. As yet, we have not investigated this result. Ten
clones reacted with the SAR 11 F probe (SAR 11 Cluster). None of the clones
which hybridized to the SAR 11 F probe contained internal restriction sites,
although the two members of the SAR 11 Cluster from the first clone library
which we sequenced were truncated to position 1100. We do not believe that
this was caused by an internal BamH I restriction because the cut site occurs
within a region of conserved base pairing. Two clones, SAR 95 and SAR 100,
reacted with the SYN F probe. We have identified them as members of the
marine Synechococcus group. 26 of the 54 clones did not react with either
probe, nor did they contain any restriction sites, and so they remain
uncharacterized (SAR 84 Group).
The results of preliminary grouping by RFLP analysis and probe
hybridization studies are summarized in Figure 14. By identifying "classes"
of clones we were able to focus sequencing efforts on fewer clones. Four
clones were sequenced completely: SAR 83, SAR 92, SAR 95 and SAR 100.32
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FIGURE 14: Results of RFLP Analysis and Probe
Hybridizations. 54 clones contained the entire 1350 by
rDNA gene [positions 68 to 1406, E. coli numeration (4)].
These results describe the compostion of the rDNA library,
and allowed us to sequence fewer clones.
One of the 2 clones which reacted with the SYN F probe, SAR 100, was
completely sequenced. The secondary structure of SAR 100 (Figure 16), and
its conserved cyanobacterial signature sequences (52) showed that SAR 100 is
a new member of the marine Synechococcus Group. SAR 100 is most closely
related to WH 7805, having a similarity of 0.977%. Although the two genes
differ only at 17 positions, the SAR 100 gene contains 3 unique compensating
base pairs. This new marine Synechococcus Group gene provides further
support for the observation of a high diversity of 16S rRNA gene lineages
among closely related marine cyanobacteria, as demonstrated in the first
clone library.33
SAR 95, which reacted with the SAR 11F probe, was also completely
sequenced. SAR 95 was 0.991% similar to SAR 1, however it was a complete
16S rRNA gene, and not fragmented at E. Colt position 1191 (4).Inosine
sequencing reactions confirmed an altered sequence in SAR 95 in the region
of the "cut site" observed in the SAR 11 Cluster. We are now uncertain of
the restriction site in SAR 11 and SAR 1. Complete sequence analysis of SAR
18 may indicate if the restriction site was a fragment which cloned into the
M13 Barn HI site. The SAR 95 sequence provides a third new and unique
member of the SAR 11 Cluster. We expect that the number of additional
lineages which will react with the SAR 11F probe will be few, as direct
sequencing methods performed upon amplified Sargasso Sea DNA have
shown that the SAR 11 Cluster is of limited complexity(Giovannoni,
unpublished data). These findings will be the subject of future
investigations by our lab.
In addition, clones SAR 83 and SAR 92 were sequenced. The SAR 83
Group and SAR 92 Group had distinct Barn HI and Pst I RFLPs, but neither
reacted with the two group specific probes. Thus, these clones potentially
represented unknown microbial species which had not previously been
sequenced.I
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FIGURE 15: Phylogenetic Tree of Bluescript Clone rDNAs and Related 16S rRNA Genes.
Phylogenetic relationships of Bluescript clone rDNA sequences and 16S rRNA
sequences of related organisms (5, 11, and Woese, C. R., unpublished sequences). Mask 3, which
contained - 900 positions, not including hypervariable regions of SAR 83, SAR 92,
SAR-95-and-SAR4-007-was-usecl-for_theinference of relationships. The tree was rooted using the
sequences of Bacillus subtilis and Heliobacterium chlorum (13, 51).35
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FIGURE 19: 16S rRNA SecondaryStructure of SAR 83.
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signature sequences (52).39
The SAR 92 rDNA secondary structural model conformed closely to
signature sequences of y-purple eubacteria phyla (Figure 18). y-purple
bacteria are commonly isolated from marine ecosystems (2).As shown on
Figure 15, SAR 92 branches deeply within the - purple eubacteria phylum,
and is distantly related to Pseudomonas aeruginosa (0.884% similarity). Our
data suggests that SAR 92 is yet another novel, and deeply branching
bacterioplankton in the Sargasso Sea.
Figure 19, a secondary structural model for SAR 83 rRNA, shows that
SAR 83 has the signature sequences of a-purple eubacteria. Furthermore,
sequence similarities suggest that SAR 83, like SAR 11, is a novel member of
the a-purple bacteria. The tree in Figure 15 demonstrates the position of
SAR 83 among eubacteria. The close similarity between SAR 83 RNA and
the Erythrobacter 16S rRNA is interesting and suggestive (0.917%).
Erythrobacter is metabolically capable of photophosphorylation (16), but it
requires organic carbon for growth (31). Because of a higher growth
efficiency in the presence of light and oxygen, these organisms would be
expected to use organic carbon more efficiently than respiratory heterotrophs
in low nutrient environments (17). This would be an asset in the
oligotrophic setting of the open ocean. If we visualize pigments as
biomarkers (27), the possible presence of Erthrobacter-like organisms in
marine environments is substantiated by the observation of the carotenoid
spheroidenone in many oxic marine sediments. The presence of
spheroidenone (IV) in the sediments of the Peru and Southwest African
continental shelves, and the Carico Trench (35, 37) suggests that these
organisms may be widespread.40
Although the identification of an organism cannot be based upon RNA
gene sequences alone, some inferences about physiology are possible when
unknown rRNA sequences are found to be similar to sequences from
organisms of known physiology. The rDNAs found in this clone library
indicate a wide diversity of bacterioplankton, including members of the a
proteobacteria, y proteobacteria, and oxyphototroph phyla, in the Sargasso
Sea. Referring back to Figure 14, one realizes that there remains a great deal
more diversity within the clone library yet to be resolved. Accordingly, there
also remains more to discover about the diversity of community members of
Sargasso sea bacterioplankton, and marine ecosystems as a whole.41
IV. SUMMARY AND CONCLUSIONS
The use of rRNA genes and the methods described here has allowed us
to investigate the members of a mixed, naturally occuring microbial
population which are not amenable to cultivation. The results support the
widespread view that microbial ecosystems contain novel, uncultivated
species (50). Sequencing methods permit the rapid comparison of rDNAs,
cloned from the environment, to a growing data base of sequences so that
inferences about physiology are possible. Comparisons of rRNAs sequences
also provide information for designing species- or strain- specific probes
(Salama, Sandine, and Giovannoni; unpublished). These probes also can be
used to quantify the prevalence of organisms in the original populations,
and elsewhere. Fluorescent ly labelled specific probes give researchers the
ability to identify cells using epifluorescence microscopy, and the improved
capability to isolate marine bacteria in classical cultivation studies.
The existance of a new lineage within the SAR 11 Cluster is interesting.
We would like to determine the number of lineages within this cluster,
however few the direct sequencing experiments suggest. The development
of more general probes for SAR 11-like genes will further these studies, by
directing our attention to related, yet less similar, SAR 11-like organisms.
The presence of novel, and deeply rooting a-proteobacteria in the
Sargasso Sea is exciting. The existence of SAR 83 16S rRNAs in the Sargasso
Sea suggests that oxyphototrophic heterotrophs, like Erythrobacter, may exist
in open ocean marine settings. By developing probes specific for SAR 83 16S
rRNAs we hope to determine the ubiquity and position of
oxyphotoheterotrophic organisms within the water column. They are likely42
to be found near the photocompensation depth. Their ability to grow more
effectively on organic carbon in oligotrophic settings, using
photophosphorylation, would allow these organisms to use the nutrients of
the deeper waters more efficiently than other heterotrophs present, using the
available light.It will be interesting to determine how oxyphototrophic
heterotrophic organisms like SAR 83 are able to compete with
photosynthetic organisms for the available nutrients in the surface waters.
Molecular phylogenies of cultivated bacteria have provided little
insight about the actual genetic structure of natural populations, as they
always fail to recreate the actual community structure. rRNAs serve as
excellent markers for bacterial diversity, and provide a valuable tool for
analyzing prokaryotic population biology.43
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